Bioethanol, fuel ethanol made from biomass, is an important alternative to fossil fuels that protects the global environment. Lignocellulosic biomass including agricultural wastes like rice straw, wheat straw, corn stover and sugarcane bagasse is expected to be the most promising feedstock for the production of bioethanol because of its availability at a low cost and its low competition with food production.
Bioethanol, fuel ethanol made from biomass, is an important alternative to fossil fuels that protects the global environment. Lignocellulosic biomass including agricultural wastes like rice straw, wheat straw, corn stover and sugarcane bagasse is expected to be the most promising feedstock for the production of bioethanol because of its availability at a low cost and its low competition with food production.
Recent research revealed that rice straw is advantageous over other agricultural wastes because it contains a considerable amount of readily recoverable carbohydrates (soft carbohydrates (SCs), glucose, fructose, sucrose, starch and β-1,3-1,4-glucan). 1) Depending on the variety and growth stage, starch accumulates up to nearly half the dry weight of the culm.
2) Rice culm starches were characterized and were shown to be an advantageous material in the feedstock for saccharifi cation. 3) In general, pretreatments are required to overcome the recalcitrance of lignocellulose for effi cient recovery of fermentable sugars. 4) Alkali is a powerful tool in removing lignin; however, it has the disadvantage of losing SCs during washes for pH adjustment and solid-liquid separation. We have developed a simple method to pretreat the rice straw that allows the use of SCs, namely, the calcium capturing by carbonation (CaCCO) process. 5) For the effi cient preservation of rice straw and a reduction of energy, conducting the CaCCO process at room temperature (RT) was evaluated, and an improved RT-CaCCO process was proposed. 6) There is increasing interest in using whole crop as feedstock for the production of biofuel. 7 9) In Japan, rice paddy fi elds have been abandoned because of a decrease in the consumption of rice and the governmental policy on rice production adjustment. To promote the use of neglected rice fi elds, the government has been offering a subsidy for the production of rice for nonstaple use, and breeding programs have focused on developing rice varieties that are suitable for whole crop silage and bioethanol production. 10, 11) The starch content and dry matter content of whole-crop rice are known to increase with maturity, 12) in particular as grains are included at maturity. According to Holstein feeding experiments, the nonstructural carbohydrate content in the stem and leaf had a greater impact on the digestibility of the whole-crop silage than the amount of total digestible nutrient. More undigested grains were excreted from silage with higher grain content. 13) This suggests that starch remains ungelatinized or raw in rice whole-crop silage. The addition of starch degrading enzymes for enhanced saccharifi cation of whole-crop silage has proven effective. 7) These results indicate that the proper combination of enzymes and pretreatment condition to gelatinize starch are necessary for effective raw starch degradation.
14) The effective use of starch should be a key step in the utilization of whole-crop as feedstock for saccharifi cation, especially in a process that does not use heat in the pretreatment, such as in the RT-CaCCO process. With the aim of improving the RT-CaCCO process, we recently observed the effects of lime treatment and subsequent carbonation on the gelatinization and saccharifi cation of starch granules. A decrease in the gelatinization enthalpies of starch granules by Ca(OH)2 treatment suggested enhanced gelatinization by the disruption of hydrogen bonds. Mild heat treatment (MHT) before carbonation further promoted the change, which accelerated saccharifi cation. 15) In this study, we aimed to apply the RT-CaCCO process to whole-crop rice. Although the RT-CaCCO process basically aims at the recovery of both hexose and pentose, we focused exclusively on recovery of glucose, which is a major component of the whole-crop rice. The effect of pretreatment of whole-crop on starch gelatinization was evaluated by differential scanning calorimetry (DSC) measurements. The Ca(OH)2 concentration, amylase supplementation and MHT were considered to improve starch saccharifi cation.
MATERIALS AND METHODS

Materials.
Whole-crop rice samples of cv. Leafstar and straw samples of cv. Koshihikari were harvested at maturity in 2011 and 2010, respectively, from experimental fi elds of National Institute of Crop Science, NARO (Tsukuba, Japan) and immediately dried at 70 C for 3 days. Dried samples were cut into pieces that were about 3 cm long, powdered using a 1093 Cyclotec sample mill (Foss Tecator AB, Höganäs, Sweden) with a 0.5 mm screen, and stored in a sealed aluminum-coated bag until use. The endosperm starch was isolated from commercial rice grains (Koshihikari, from local farmers market in Tsukuba, Japan) using alkali steeping method as described.
15)
Commercial enzyme preparations (Celluclast 1.5L, Novozyme 188 and Ultrafl o L) were purchased from Novozymes Japan Ltd. (Chiba, Japan). Bacillus α-amylase (A-6380), actually from Bacillus amyloliquefaciens, was purchased from Sigma-Aldrich Corporation (St. Louis, USA) and amyloglucosidase from Rhizopus sp. (308-51183) was purchased from Oriental Yeast Co., Ltd. (Tokyo, Japan).
An optical microscope equipped with a polarizing attachment (Olympus Corporation, CKX41, Tokyo, Japan) was used to observe the starch granules. Analytical methods. The amount of total starch was determined using the Total Starch Kit (Megazyme International Ireland Ltd., Wicklow, Ireland). The free fructose, free glucose and sucrose contents were determined using sucrose, D-fructose and D-glucose assay procedures by Megazyme International Ireland Ltd. The Mixed Linkage Beta-Glucan Assay kit (Megazyme International Ireland Ltd.) was used to determine the β-1,3-1,4-glucan content. The cellulose and xylan contents were determined by the two-step H2SO4 hydrolysis assay described in a previous report.
1)
The thermal properties were determined using a Diamond DSC (Perkin-Elmer Inc., Shelton, USA) as described.
15) To determine the effect of Ca(OH)2 on gelatinization, Ca(OH)2 was added to the whole-crop rice samples at a concentration of 0, 5, 10, 20, 30 or 40% of the dry weight and mixed well. The effect of Ca(OH)2 on a mixture of Koshihikari straw sample and isolated endosperm starch at a starch concentration of 0, 5, 10, 20, 30 and 40% of the total dry weight was also determined. About 10 mg of mixed sample was weighed into a stainless steel large-volume capsule with 50 mg of water, hermetically sealed, and used for analysis. The Ceralpha procedure (Megazyme International Ireland Ltd.) was used to determine the α-amylase activity. In the Ceralpha procedure, blocked p-nitrophenyl maltoheptaoside (BPNPG7) is used as a substrate in the presence of excess levels of a thermostable α-glucosidase. Upon hydrolysis of the substrate by α-amylase, the nitrophenyl oligosaccharide is immediately hydrolyzed to free p-nitrophenol and glucose by the α-glucosidase. One Ceralpha unit (CU) of activity is defi ned as the amount of enzyme, in the presence of excess thermostable α-glucosidase, required to release 1 μmol of p-nitrophenol from BPNPG7 in 1 min. The amyloglucosidase activity was determined using p-nitrophenyl-β-maltoside and β-glucosidase as per the manufacturer s instructions (Megazyme International Ireland Ltd.).
Pretreatment conditions in the RT-CaCCO process.
Whole-crop rice samples (200 mg dry weight) and Ca(OH)2 (10, 20, 40 or 80 mg) were weighed into a 10 mL vial and mixed well with 4 mL of water. The vial was capped with butyl rubber and aluminum caps, and it was stored at 25 C for 7 days for the RT-CaCCO process. For neutralization, the headspace of the vial was exchanged with CO2 gas, and then the inner CO2 pressure was maintained at 0.15 MPa for 20 min.
6) For MHT in the RT-CaCCO process, vials were kept at 50 C for 1 day after storing at 25 C for 7 days, and then they were neutralized using CO2. Enzymatic saccharifi cation. After Ca(OH)2 treatment and subsequent neutralization with CO2 as stated in the previous section, samples were subjected to saccharifi cation by adding the enzyme mixture (1 mL) and incubating at 50 C. Detailed information about each enzyme mixture was as follows: CNU mixture, a mixture of Celluclast 1.5L (12 fi lter paper degrading units (FPU) and 30 xylanase units (XU)), Novozyme 188 (7.2 cellobiase units (CbU)), and Ultrafl o L (40 XU and 2.0 CbU) per gram of sample at pH 6.5, 6) AG mixture, a mixture of Bacillus α-amylase (5 CU) and Rhizopus amyloglucosidase (25 U) per gram of sample at pH 6.0; ACNU mixture, a mixture of CNU and Bacillus α-amylase (5 CU); and GCNU mixture, a mixture of CNU and Rhizopus amyloglucosidase (25 U). Aliquots of the reaction mixture were withdrawn at 1, 2, 4, 8, 24, 48 and 72 h after addition of enzyme and centrifuged at 15,000 G for 5 min. The supernatant was diluted, and the glucose content was determined by a Glucose C-II Test Kit (Wako Pure Chemical Industries, Ltd., Osaka, Japan). The total glucose content was determined by adding HCl to the supernatant to a concentration of 0.7 M, and then the supernatant was treated at 100 C for 1 h and tested with a glucose test.
RESULTS AND DISCUSSION
The application of the RT-CaCCO process to whole-crop rice powder.
The carbohydrate component of the Leafstar whole-crop powders used in this study, as shown as a percent of the total dry weight, was determined as follows: total starch, 26.4%; sucrose, 3.7%; free glucose, 2.2%; free fructose, 2.4%; β-1,3-1,4-glucan, 1.6%; cellulose, 16.2%; xylan, 8.9%. In our previous study, the free glucose was lost during the RT-CaCCO treatment because of degradation, but β-1,3-1,4-glucan and starch were recovered. 6) Acid hydrolysis showed that 100 mg of the dry whole-crop sample can theoretically liberate 51.8 mg of glucose, which is from starch, glucose, sucrose, β-1,3-1,4-glucan and cellulose. Starch accounted for more than half of the total recoverable glucose, which suggested the importance of effi cient recovery of glucose from starch. The whole-crop sample contained 5.5 times more recoverable glucose than recoverable xylose. The most commonly used bioethanol-producing microorganism, Saccharomyces cerevisiae, cannot ferment xylose to ethanol. Engineered yeast or the isolation of yeast capable of fermenting pentose is required for the bioconversion of xylose to ethanol. Considering the recovery of a low abundance of xylose will require an additional load to the process; thus, the recovery of hexoses offers benefi ts. We focused on the recovery of hexoses, especially glucose.
The whole-crop powders were treated with 10% (w/w whole-crop powder) Ca(OH)2 at 25 C for 7 days by the standard RT-CaCCO process. After pretreatment with Ca(OH)2, the samples were neutralized with CO2 and subjected to enzymatic saccharifi cation using the CNU mixture as the enzyme preparation, which is the standard condition in the RT-CaCCO process.
6) Only 53.3% of the total glucose was released after the RT-CaCCO process as shown in Fig. 1 . After 72 h of saccharifi cation, the solid parts of the sample were collected and observed under an optical microscope, which revealed that crystalline starch remained after the RT-CaCCO process. DSC analysis of the solid part showed that the gelatinization enthalpy increased from 15 J/g starch to 26 J/g starch after enzymatic saccharifi cation, which indicated that gelatinized parts of the granule were saccharifi ed and crystalline parts remained. The solid parts were washed with ethanol and analyzed for starch content to fi nd that only 39.6% of the total starch was saccharifi ed after the RT-CaCCO process. The determination of the total glucose in the liquid parts showed that solubilized glucans were totally degraded to glucose. Presuming that the free glucose in the whole-crop sample was lost during the pretreatment and that all of the sucrose and β-1,3-1,4-glucan were degraded by enzymatic saccharifi cation to release glucose, 59.1% of the total cellulose was saccharifi ed in the RT-CaCCO process. The cellulose recovery from the starchrich sample was slightly lower than that from our previous report 6) suggesting that the effects of Ca(OH)2 could be lowered in the presence of starch.
In our previous study performed using isolated rice starch, MHT before neutralization with CO2 (RT-MHT-CaCCO) improved the saccharifi cation of starch, and 86.3% of starch was saccharifi ed.
15) We applied MHT after Ca(OH)2 pretreatment, but only a very small effect was observed as shown in Fig. 1 . The RT-MHT-CaCCO process was expected to promote the gelatinization of starch by the action of alkali. We postulate that either starch was not suffi ciently gelatinized in the RT-CaCCO or RT-MHT-CaCCO process of whole-crop sample or the enzyme activity for the saccharification of alkali-gelatinized starch was not suffi cient.
The effect of Ca(OH) 2 treatment on the gelatinization of starch.
The effect of the Ca(OH)2 treatment on the gelatinization of starch in the whole-crop sample was observed using DSC to determine the optimum condition for the gelatinization of starches by alkali treatment. The DSC profi le of the wholecrop powder apparently showed 2 peaks (Fig. 2) . From separate DSC measurements of straw and grain powders, 1 peak with a peak temperature (Tp) of 71.2 C was assigned to the starch in the straw, and the other peak with a Tp of 81.1 C was assigned to the endosperm starch (data not shown). The difference in the Tp of the starches is likely because of the amylopectin chain length distribution and amylose content of the starches.
3) The sum of the peak areas of both peaks was used to determine the effect of the Ca(OH)2 treatment on the gelatinization enthalpy (ΔH). Sealed sample containers were stored at 25 C for 7 days as in the RT treatment, or further kept at 50 C for 1 day after 25 C for 7 days as in the RT-MHT, and then they were subjected to DSC measurements. As the Ca(OH)2 concentration increased, the Tp of both peaks increased with both the RT and RT-MHT treatments as shown in Fig. 2 . The ΔH decreased as the Ca(OH)2 concentration increased (Fig. 3) , and MHT promoted the decrease in the ΔH. Although our previous report showed that the effect of the Ca(OH)2 concentration on the gelatinization of the isolated starch appeared to level off near 9%, 15) whole-crop samples required a higher Ca(OH)2 concentration for the starch to lose its crystalline structure. In this experiment, the RT-MHT with the 30% Ca(OH)2 concentration was the most reasonable in promoting the disruption of the starch structure in the whole-crop samples.
Our previous fi ndings of the optimum concentration of Ca(OH)2 for pretreatment were 20% for rice straw and 10% for starch. The result that indicated that 30% was the most reasonable concentration for whole crop was higher than expected. Hence, we tested the hypothesis that this phenomenon was because of the existence of both straw components and starch. Koshihikari straw powder and isolated endosperm starch were mixed at various concentrations to check if the effect of Ca(OH)2 would change according to the starch and Ca(OH)2 concentrations. The RT treatment resulted in a low ΔH with a lower starch content regardless of the Ca(OH)2 concentration. However at a high starch content, the ΔH remained high with a low Ca(OH)2 concentration. RT-MHT showed a similar tendency of promoted gelatinization except at a lower Ca(OH)2 concentration, which showed a high ΔH with a low starch concentration (Fig 4) . Therefore, with a starch content of 20% or less, treatment with 20% Ca(OH)2 per dry matter was needed for RT-MHT to be effective. At high starch contents, treatment with 30% Ca(OH)2 per dry matter was needed for effi cient RT-MHT conditions. The whole-crop powders in this study contained 26.4% starch; thus, 30% Ca(OH)2 was required for effi cient gelatinization. The data obtained can be used to extrapolate appropriate Ca(OH)2 concentrations for samples with different starch content.
It is suggested that Ca 2+ ions in lime are absorbed by the rice straw to ionized hydroxyl groups and carboxyl groups in lignin and hemicellulose at high pH.
1,16) Ca 2+ also binds to the hydroxyl group of starch at high pH. 17) Ca 2+ binding is dependent on pH and temperature, and it may be more favorable to lignin or hemicellulose than to starch in MHT conditions. Although it was shown that 20% lime was suffi cient for the pretreatment in the RT-CaCCO process judging from the pretreatment effi ciency, more Ca 2+ binding to the straw may have occurred in the MHT condition, requiring more Ca(OH)2 for starch to gelatinize.
The effect of the addition of enzymes on saccharifi cation.
While one possibility for the low saccharifi cation rate in the RT-CaCCO process was the insuffi cient gelatinization of starch in the whole-crop sample, another possibility was that the enzyme activity may not be high enough for the saccharifi cation of starch. To determine the effect of the added enzyme, ACNU and GCNU mixtures were prepared with supplemented α-amylase and amyloglucosidase, respectively. As shown in Fig. 5 , the saccharifi cation was improved when either of the enzymes was added for saccharifi cation after RT-CaCCO with 10% Ca(OH)2.
The CNU enzyme preparation for the standard RT-CaCCO process 6) contained 1.9 CU/mL α-amylase and 5.7 U/mL amyloglucosidase activities at pH 6.0. Both of these activities were from the Novozyme 188 preparation. The AG mixture had the ability to release glucose from 86.3% of the starch in the same sample in 72 h. Although the AG mixture and CNU mixture contained the same amount of α-amylase and amyloglucosidase activities as determined with a soluble substrate by the Ceralpha method, the enzymes were likely to have a different mode of action. The α-amylases produced by bacteria and fungi are classifi ed as liquefying and saccharifying amylases.
18) Saccharifying amylases quickly produce maltose and glucose, whereas liquefying amylases quickly lower the viscosity and produce larger maltodextrins. Fungal amylases are mainly classifi ed as the former, while amylase produced by B. amyloliquefaciens is classifi ed as the latter. 19, 20) While α-amylase activity in the CNU mixture was retained after 72 h of saccharifi cation (1.85 CU/mL), the addition of Bacillus α-amylase signifi cantly increased the release of glucose from the whole-crop samples. This would mean that the added α-amylase effi ciently acted to expose new non-reducing ends of starch molecules to amyloglu- cosidase, which promoted the breakdown of starch by a strong synergism found with amyloglucosidases. 21 25) The added Bacillus α-amylase was probably more favorable for the production of substrate for amyloglucosidase than the amylases found in Novozyme 188 (Aspergillus niger). The gelatinization of starch is defi ned as the disruption of the crystalline structure, which is accompanied by water uptake and granule swelling. Heating in excess water generally promotes gelatinization, which provides substrate for complete saccharifi cation by amylases. While alkali pretreatment disrupts the crystalline structure, it also acts to stabilize the starch granules.
17) A calcium bridge is formed in the alkali condition during pretreatment with Ca(OH)2, which would prevent granule swelling and thorough disruption of the crystalline structure.
3,26) Perhaps Ca(OH)2-pretreated starch was not a good substrate for the α-amylase present in Novozyme 188. On the other hand, while 90% of the amyloglucosidase activity in the CNU mixture was lost after 72 h of saccharifi cation (0.58 U/mL), the solubilized glucan was totally degraded to glucose. The enzyme preparation was considered to contain enough amyloglucosidase activity.
The added amyloglucosidase appears to be acting to breakdown the raw starch. The pH of the saccharifi cation solution remained constantly at pH 6.0 6.2. According to the manufacturer s instructions, the optimum pH for Bacillus α-amylase and Rhizopus amyloglucosidase is around 5.9 and 4.5, respectively. Because the optimal pH and pH stability are not suitable for amyloglucosidase activity, a larger amount of the enzyme is needed to obtain the desired effect. All of this considered, the addition of Bacillus α-amylase can be regarded as a reasonable choice for effi cient starch saccharifi cation.
The improvement of enzymatic saccharifi cation.
Taking the above information into account, whole-crop Leafstar powders were treated by the RT-CaCCO or RT-MHT-CaCCO process with 30% Ca(OH)2 concentration and subjected to saccharifi cation with the ACNU enzyme mixtures. Figure 6 shows the percent of total glucose released by saccharifi cation in 8 and 72 h. MHT improved the glucose release from whole-crop Leafstar samples when only the CNU mixture was used, raising the glucose release from 52.4 to 65.5%. The saccharifi cation of RT-MHT-CaCCOtreated whole-crop samples with the ACNU mixture improved the glucose release by up to 79.8%. The supplementation of amylase and glucoamylase appears to be effective compared with MHT in terms of raising the glucose release from starch (Figs. 5 and 6), at least a part of which could be due to suffi cient doses of the enzymes and the long reaction time of 72 h. The glucose release after 8 h in the RT-MHT-ACNU condition (71.9%, Fig. 6 ) was signifi cantly higher than that in the RT-ACNU condition (51.5%, Fig. 5 ). The increase in Ca(OH)2 concentration and MHT is expected to exert a signifi cant effect on the enzyme dose and reaction time upon further optimization of the saccharifi cation conditions. From the determination of the starch content in the precipitate of RT-MHT-CaCCO-treated whole-crop samples after 72 h of saccharifi cation with the ACNU mixture, 87.0% of the total starch and 65.9% of the total cellulose in the sample was saccharifi ed. The saccharifi cation rate of starch with the ACNU mixture was comparable to that obtained by the AG mixture, which was 90.5%. The saccharifi cation with the AG mixture indicated the maximum rate that can be obtained by α-amylase and amyloglucosidase. There was still nearly 10% of starch remaining in the sample, which cannot be effi ciently saccharifi ed with amylase and amyloglucosidase. There are some possible explanations for this: the crystalline region of starch was not suffi ciently gelatinized during the Ca(OH)2 treatment, the starch fl occulated with calcium carbonate during the neutralization by carbonation, 27) an amylose-lipid complex was present, 28) and starch was entrapped in a physical barrier of fi brous parts of the powders. The cellulose saccharifi cation was improved from 59.1 to 65.9% with increased Ca(OH)2, MHT and enzyme addition. This was probably because of the increase in the Ca(OH)2. Shiroma et al. had shown that the optimal concentration for effi cient saccharifi cation of cellulose was not less than 20% Ca(OH)2. 6) On the other hand, glucose is known to have an inhibitory effect on cellulase activity. 29, 30) Thus saccharifi cation of materials with high starch contents should be performed cautiously because increased glucose release from the starch may affect the saccharifi cation of cellulose by inhibiting β-glucosidase activity.
The application of the RT-CaCCO process to whole-crop rice samples revealed the signifi cance of the Ca(OH)2 concentration, MHT and added α-amylase on improving the glucose release from starch by saccharifi cation with reduced energy input. A low temperature pretreatment is also beneficial in that a lower viscosity slurry is easier to handle than a gelatinized starch solution for stirring and pumping. The enzymatic saccharifi cation profi le of alkali-treated starch showed that thorough gelatinization as found from heating in excess water was crucial to the effi cient saccharifi cation process. Further studies will allow the development of a method to control carbohydrate recovery from whole-crop samples, e.g., by the development of a raw starch-digesting and fast-liquefying enzyme, the improvement of alkali gelatinization conditions and the improvement of cellulose saccharifi cation, in combination with methods to enhance xylose recovery and utilization.
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